Smad proteins are the key effectors of the transforming growth factor b (TGFb) signaling pathway in mammalian cells. Smad4 plays an important role in human physiology, and its mutations were found with high frequency in wide range of human cancer. In this study, we have functionally characterized Smad4 C324Y mutation, isolated from a nodal metastasis of papillary thyroid carcinoma. We demonstrated that the stable expression of Smad4 C324Y in FRTL-5 cells caused a significant activation of TGFb signaling, responsible for the acquisition of transformed phenotype and invasive behavior. The coexpression of Smad4 C324Y with Smad4 wild-type determined an increase of homo-oligomerization of Smad4 with receptor-regulated Smads and a lengthening of nuclear localization. FRTL-5 clones overexpressing Smad4 C324Y showed a strong reduction of response to antiproliferative action of TGFb1, acquired the ability to grow in anchorageindependent conditions, showed a fibroblast-like appearance and a strong reduction of the level of E-cadherin, one crucial event of the epithelial-mesenchymal transition process. The acquisition of a mesenchymal phenotype gave the characteristics of increased cellular motility and a significant reduction in adhesion to substrates such as fibronectin and laminin. Overall, our results demonstrate that the Smad4 C324Y mutation plays an important role in thyroid carcinogenesis and can be considered as a new prognostic and therapeutic target for thyroid cancer.
Introduction
Smad4 is a key signal transducer of the transforming growth factor b (TGFb) superfamily that controls a broad range of cellular processes ranging from proliferation to differentiation and apoptosis (Heldin et al. 1997 , Massagué 1998 . TGFb ligands bind to heterotetrameric complexes of receptors with serinethreonine kinase activity, leading to an increase in their ability to phosphorylate receptor-regulated Smads (R-Smads). The phosphorylation of R-Smads (Smad2 and Smad3) by the type 1 TGFb receptor induces their oligomerization with Smad4, which represents the only mammalian common mediator of TGFb signaling. The Smad2/3-Smad4 complexes translocate to the nucleus, where they bind to the promoters of target genes, activating or repressing their transcription (Massagué et al. 2005 , Massagué & Gomis 2006 . Smad proteins show a tripartite structural organization, and three main domains have been recognized: Mad homology 1 (MH1), MH2, and an interposed linker region (Shi 2001) . MH1 domain has an intrinsic binding activity to DNA sequences, whereas MH2 is important for homo-and heteromeric complex formation, together with transcriptional activation and repression (Wotton et al. 1999) .
Deregulations of TGFb signaling are central to tumorigenesis and tumor progression through their effects on cellular processes, including proliferation and cell invasion (Blobe et al. 2000 , Ikushima & Miyazono 2010 . Absence of or decreased SMAD4 expression has been found in various cancers, including pancreatic, colorectal, head and neck (Bornstein et al. 2009 , Ikushima & Miyazono 2010 , and more recently found in papillary thyroid carcinomas (D'Inzeo et al. 2010) . These results provide evidence that the TGFb signaling pathway functions as a tumor suppressor that cancers must bypass for their progression. On the other hand, TGFb can exhibit tumor-promoting function as demonstrated in prostate and skin cancer progression (Wikström et al. 1998 , Padua & Massagué 2009 . A tumor-promoting action of TGFb has also been demonstrated in papillary thyroid carcinomas, where the concomitant presence of BRAF V600E mutation determined a reduction in sodium iodide symporter expression and an increase of TGFb secretion, suggesting that hyperactivation of TGFb signaling is responsible for the pro-tumorigenic activity (Riesco-Eizaguirre et al. 2009 ).
Smad4 mutations have been found at high frequency in a representative group of sporadic thyroid neoplasms (Lazzereschi et al. 2005) , although the presence of mutational hotspots has not been identified, as described for gastrointestinal or pancreatic cancer (Iacobuzio-Donahue et al. 2004) .
In this work, we study the effect of Smad4 mutations isolated from papillary thyroid carcinomas and nodal metastasis (Lazzereschi et al. 2005) and stably expressed in FRTL-5 cells, widely used as a normal control (Pang et al. 1989 , Shimura et al. 2001 , Pomérance et al. 2006 , Visconti et al. 2007 , Kogai et al. 2008 . Mutations A226T, N263S arise in the linker region, while the C324Y and P550S mutations arise in the MH2 domain of the protein. Most of Smad4 gene mutations in human cancer are missense, nonsense, and frameshift mutations at the MH2 domain, which interfere with the homo-oligomer formation of Smad4 protein and hetero-oligomer formation between Smad4 and R-Smad proteins (Miyaki et al. 1999 , Iacobuzio-Donahue et al. 2004 .
The aim of our study was to describe the effect of a new mutation of Smad4, Smad4 C324Y, isolated from nodal metastases of papillary thyroid carcinoma. Thyroid cells, stable expressing this mutation, showed a significant increase of TGFb signaling responsible for the acquisition of transformed phenotype and invasive behavior.
Materials and methods

Reagents and constructs
DMEM, Coon's modified Ham's F-12 medium, PBS, fetal bovine serum, trypsin-EDTA, L-glutamine 100! (200 mM), and the six-hormone mixture (6H) containing TSH (10 mU/ml), insulin (10 mg/ml), hydrocortisone (10 K8 M), transferrin (5 mg/ml), glycyl-L-histidyl-L-lysine acetate (10 ng/ml), and somatostatin (10 mg/ml) were purchased from SigmaAldrich Co.
The human recombinant TGFb1 isoform was purchased from Peprotech (Rocky Hill, NJ, USA).
Phenylmethylsulfonyl fluoride (PMSF), protease cocktail inhibitor containing 1 mg/ml leupeptin, 2.5 mg/ml aprotinin, and 1 mg/ml benzamide hydrochloride, and phosphatase inhibitor cocktail were purchased from Sigma-Aldrich Co.
Antibodies to green fluorescent protein (GFP FL), N-cadherin (H63), HA (Y11), and b-actin (C4) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies to the phosphorylated form of Smad2 (P-Smad2) were purchased from Cell Signaling Technology (Beverly, MA, USA), E-cadherin was from Immunological Sciences (Rome, Italy), Smad2/3 from BD Biosciences PharMingen (San Diego, CA, USA), and GAPDH and cAMP response element-binding (CREB) were from Abcam. Texas-red-conjugated goat anti-mouse IgG was obtained from Jackson Laboratories (Bar Harbor, ME, USA) and HRP-conjugated secondary antibodies were purchased from Sigma-Aldrich Co.
Transfections were performed by lipofectin kit provided by Lipofectamine Plus (Gibco/BRL Life Technologies) and stable clones were obtained by selection with geneticin G418 (Invitrogen Life Technologies).
GFP-tagged Smad4 constructs were obtained subcloning the human SMAD4 gene in Clontech pEGFPC3 vector, which allows in frame fusion to the C-terminus of GFP. pCMV5 3TP-Lux, pCMV5-bGal, pCMV5 HA-Smad4 wild-type (wt), and pCMV5 FLAG-Smad2 wt were kindly provided by Prof. Liliana Attisano.
Site-directed mutagenesis, subcloning, and stable transfectants Site-directed mutagenesis was used to introduce missense mutations into the human Smad4 cDNA wt inserted in a pcDNA3 plasmid. The mutants A226T, N263S, C324Y, and P550S were constructed by PCR using the QuikChange site-directed mutagenesis kit from Stratagene (La Jolla, CA, USA) according to the manufacturer's protocol. Mutations were introduced using the following primers: COD A226T forward 5 0 -CTTCCACAAGTCAGCCTACCAGTATA CTGG-GGGGC-3 0 and COD A226T reverse 5 0 -GCCCCCC-AGTATACTGGTAGGCTGACTTGT GGAAG-3 0 ; COD N263S forward 5 0 -GCTACTTACCATCATAG-CAGCACTACCACCTGG-3 0 and COD N263S reverse 5 0 -CCAGGTGGTAGTGCTGCTATGATGGTAAG-TAGC-3 0 ; COD C324Y forward 5 0 -CCTGCTCCTG-AGTATTGGTATTCCATTGCTTACTTTG-3 0 and 0 -GTAAAAGACCTCAGTCTAAA-GATTGTGGGTCTGCAATCGGCATGG-3 0 . The Smad4 cDNA containing the mutations was selected by sequencing. The Smad4 cDNA wt or mutated was subcloned into the expression vector pEGFPC3, which allows in frame fusion to the C-terminus of the tag GFP (Clontech), by 5 0 -HindIII and 3 0 -EcoRI sites. The resultant constructs were used to stable transfect FRTL-5 rat thyroid cells (American Type Culture Collection (ATCC) #8305) by lipofectamine method as recommended by the manufacturer (Lipofectamine Plus, Gibco/BRL Life Technologies). FRTL-5 cells grown in 100 mm tissue culture dishes were transfected with 8 mg vector pEGFPC3 containing the human Smad4 cDNA wt or mutated, tagged with GFP. FRTL-5 cells were also transfected with empty vector pEGFPC3. To generate stable transfectants, cells were grown in the presence of 1000 mg/ml geneticin G418 (Invitrogen Life Technologies). After 2 weeks, antibiotic-resistant clones (V1M, Smad4 wt 6M, Smad4 wt 7P, Smad4 C324Y 2M, Smad4 C324Y cl6, and Smad4 C324Y cl8) were selected and expanded in the continuous presence of geneticin (500 mg/ml). Positive clones for GFP expression were identified by screening through western blot analysis using the rabbit polyclonal antibody specific for GFP.
Cell cultures
The FRTL-5 cells (ATCC #8305) were kindly provided by Dr Kohn L D (NIH, Bethesda, MD, USA). This cell line, diploid between their 5th and 25th passage, maintains the functional characteristics of iodide uptake, thyroglobulin synthesis, and cyclic nucleotide metabolism over prolonged periods of culture and doubling time of w36 h (Ambesi- Impiombato et al. 1980) . These cells were grown as previously described (Nicolussi et al. 2003) in Coon's modified Ham's F-12 medium supplemented with 5% calf serum and 6H containing TSH (10 mU/ml), insulin (10 mg/ml), hydrocortisone (10 K8 M), transferrin (5 mg/ml), glycyl-L-histidyl-L-lysine acetate (10 ng/ml), and somatostatin (10 mg/ml). Clones obtained by stable transfection of the FRTL-5 cells with the expression vector pEGFPC3-Smad4 wt or mutated or with pEGFPC3 empty vector were grown in F-12 Coon's modification medium supplemented with 5% bovine serum and 6H mixture in the presence of 500 mg/ml of G418.
MCF7 and MDA MB468 breast cancer cell lines and HEK293, derived from human embryonic kidney cells, purchased from ATCC (Rockville, MD, USA), were grown in DMEM supplemented with 10% calf serum.
All cells were maintained in continuous monolayer cultures at 37 8C and 5% CO 2 , expanded up to 70-80% confluent, treated with human recombinant TGFb1 (10 ng/ml) and then used for the experiments as described below.
Luciferase assays
These assays were carried out as described previously (Nicolussi et al. 2003 (Nicolussi et al. , 2006 . FRTL-5 and clones were transiently transfected with pCMV5 3TP-Lux and pCMV5-bGal constructs using lipofectin technique following the manufacturer's instructions. MDA MB468 cells were transiently transfected with reporter constructs, pCMV5 3TP-Lux and pCMV5-bGal, with empty vectors, pCMV5 and pEGFPC3, with pEGFPC3-Smad4 wt or with pEGFPC3-Smad4 C324Y or cotransfected with pEGFPC3-Smad4 wt and pEGFPC3-Smad4 C324Y in the stoichiometric ratio Smad4 wt/C324Y 1:1, 1:2, 1:3, 2:1, and 3:1. Moreover, cells were cotransfected with pCMV5 FLAG-Smad2 wt. After transfection, cells were treated or untreated overnight with 10 ng/ml TGFb1 in serum-free medium. Luciferase activities were measured by the luciferase assay system (Promega Corp.) and normalized for transfection efficiency using the b-galactosidase-expressing control vector. Each result is the mean of three different experiments.
Immunofluorescence
Immunofluorescence was carried out as described previously (Nicolussi et al. 2006) . Cells transiently transfected with pEGFPC3-Smad4 wt or cotransfected with pEGFPC3-Smad4 wt and pEGFPC3-Smad4 C324Y were incubated with or without 10 ng/ml TGFb1 in serum-free medium for 1 and 3 h and then fixed with 4% paraformaldehyde/PBS for 30 min, followed by treatment with 0.1 M glycine/PBS for 20 min, and permeabilized with 0.1% Triton X-100 for an additional 5 min. For detection of Smad2/3, cells were incubated with anti-Smad2/3 antibody (1:50) for 1 h, followed by incubation with Texas-red-conjugated goat anti-mouse IgG (1:100). GFP-Smad4 wt or GFP-Smad4 C324Y was visualized as green fluorescence in overexpressing cells. Nuclei were stained with 10 mg/ml 4 0 ,6 0 -diamidino-2-phenylindole (DAPI, Sigma-Aldrich Co.). Immunofluorescence in FRTL-5 stable clones was carried out as described earlier. Fluorescence was observed with a Zeiss Axiophot epifluorescence microscope (Zeiss, Oberkochen, Germany) and photographed at 60! optical magnification. Each experiment was repeated three times.
Proliferation assays
The cell proliferation was assessed by cell counting. Briefly, 10!10 4 cells were seeded into 35 mm plate and allowed to incubate overnight at 37 8C in a humidified incubator with 5% CO 2 . Growth curves were obtained counting the cells at time zero (T0), 24, 48, and 72 h. Cell growth in the presence and absence of TGFb1 was also evaluated. Cell numbers were determined using a hemocytometer both at time zero (T0), to determine the number of cells in the plates before the TGFb1 treatment, and after 48 h with or without 10 ng/ml TGFb1 in serum-free medium. Cells were counted three times by two independent investigators. Inter-observer variation was below 5%. Values represent mean of triplicate determination GS.D. of three experiments and the results were presented also as a percentage of growth inhibition with respect to relative untreated control for each time point.
Soft agar colony formation assay
To assess the colony formation in soft agar, 1!10 4 cells were resuspended into F-12 Coon's modification medium supplemented with 5% bovine serum containing 0.4% agar and plated over a layer of solidified F-12 Coon's modification medium/5% bovine serum per 0.6% agar (2.0 ml). After 3 weeks of incubation at 37 8C, the number of large colonies (over 0.125 mm in diameter) in each plate was counted. Each cell line was tested in triplicate dishes in three independent assays.
Cell morphology
Stable clones were seeded in 35 mm plate dishes and culture medium was refreshed at 2-day intervals. Cells were fixed with 4% paraformaldehyde for 30 min at 25 8C and cellular morphology was examined using an Axio Observer inverted microscope (Carl Zeiss, Inc., Oberkochen, Germany) and a Power Shot G5 digital camera (Canon, Inc., Tokyo, Japan) at 5! optical magnification.
Adhesion assays
Stock preparations of fibronectin (FN), laminin (LM), or BSA (all provided by Sigma-Aldrich Co.) were diluted in PBS at 20-30 mg/ml, and 100 ml protein solution was distributed in 96-well flat-bottomed plates (Costar Corporation, Cambridge, MA, USA). After overnight incubation at 4 8C, the coated wells were washed twice with PBSC1% BSA to remove not immobilized protein. The remaining protein-binding sites were saturated by incubating the plates with PBSC0.2% BSA for 1 h at 37 8C. Cells were detached using EGTA 1! (Sigma-Aldrich Co.), washed and resuspended at 50!10 3 cells/ml in serum-free medium containing 0.2% BSA. Cell suspensions (100 ml) were allowed to adhere to FN-or LM-coated plates for 60 min at 37 8C in 5% CO 2 . Unattached cells were removed by extensive washing with serum-free medium, while adherent cells were fixed for 10 min using 3% paraformaldehyde, stained for 5 min with 0.5% crystal violet, washed with water, and then solubilized in 2% SDS. Cell adhesion was evaluated by reading the optical absorbance (OD) at 620 nm using an ELISA reader (Titertek Multiscan, Flow Laboratories, High Wycombe, UK).
Migration assays
Cell migration was measured using a Transwell migration chamber (diameter 5 mm, pore size 8 mm; Costar Corporation). Cells grown to 70% confluence in Petri tissue culture dishes were detached using EGTA 1! (Sigma-Aldrich Co.) and resuspended in serumfree medium containing 0.2% BSA. TGFb1 (10 ng/ml) treated and untreated cells (30!10 3 cells/100 ml) were seeded in the upper compartment of transwell and allowed to migrate trough the polycarbonate filters using LM (40 mg/ml in serum-free medium containing 0.2% BSA) as chemoattractant added in the lower compartment. After 8 h of incubation at 37 8C, the cells that migrated to the lower side of the membrane were fixed for 5 min with ethanol, stained for 10 min with hematoxylin, and counted using an optical microscope. Cells were counted three times by two independent investigators. Inter-observer variation was below 5%. Data are expressed as meanGS.D. of the number of migrated cells evaluated in ten different fields obtained from three independent experiments.
Immunoblotting and immunoprecipitation
Subconfluent cells, transfected or not, were treated or untreated with 10 ng/ml TGFb1 for 30, 60, and 180 min. Protein extracts were obtained using ice-cold TNE extraction buffer (50 mM Tris-HCl pH 7.8, 150 mM NaCl, 1 mM EDTA, and 1% Triton X-100) supplemented with 1 mM PMSF, protease and phosphatase cocktail inhibitors. Protein lysates (60 or 80 mg) were subjected to immunoblotting as previously described (Nicolussi et al. 2006 ) using primary antibodies to GFP (1:500), E-cadherin (1:1000), N-cadherin (1:500), and b-actin (1:5000). Then the membranes were incubated with anti-rabbit (1:50 000) or anti-mouse (1:10 000) HRP-conjugated secondary antibodies. The western blots were revealed by chemiluminescence using the Super Signal Kit from Pierce (Rockford, IL, USA) according to the manufacturer's instructions and visualized on CL-Xposure Film (Pierce). For immunoprecipitation experiments, 1 mg total protein extracted as previously described was precleared with protein-A Sepharose CL-4B (GE Healthcare, Uppsala, Sweden) beads and then immunoprecipitated with anti-GFP polyclonal antibody or monoclonal anti-HA Agarose Conjugate Clone HA-7 (Sigma-Aldrich Co.). Immunocomplexes, aggregated with 50 ml protein-A Sepharose CL-4B or with 30 ml monoclonal anti-HA agarose conjugate clone HA-7, were washed four times with 1 ml buffer. The pellets were boiled in Laemmli buffer for 5 min, and the proteins were resolved under reducing conditions by 8% SDS-PAGE and subjected to immunoblotting as previously described (Nicolussi et al. 2006) , using primary antibodies to P-Smad2 (1:500), GFP FL (1:500), and HA (1:500).
Cytosolic and nuclear fractions were obtained as previously described (D'Inzeo et al. 2010 ) and subjected to immunoblotting using primary antibodies to GFP (1:500), Smad2/3 (1:500), GAPDH (1:5000), and CREB (1:1000).
Wound-healing assay
Confluent FRTL-5 and clones (35 mm dish) were scratched with a sterile 200 ml pipette tip and cellular debris was removed, washing gently. Dishes were plated under a phase-contrast microscope Axio Observer (Zeiss) and photographed to measure the gap distance using the computing Software Axio Vision (Carl Zeiss, Inc.) at the indicated times. Wound distances (mm) were measured at nine defined 
Statistical analysis
All statistical analyses were performed by JMP Software purchased by Statistical Discovery SAS Institute (Cary, NC, USA). Data were analyzed by Student's t-test (P!0.05, statistical significance; P!0.001, high statistical significance).
Results
TGFb signaling in FRTL-5 overexpressing Smad4
To evaluate whether the mutations Smad4 C324Y, Smad4 A226T, Smad4 N263S, and Smad4 P550S, identified in a group of 56 thyroid tumors of various histotypes (Lazzereschi et al. 2005) , could be relevant for thyroid carcinogenesis, FRTL-5 cells were stable transfected with the expression vector pEGFPC3 containing wt or mutated Smad4 cDNAs, tagged with GFP (Fig. 1A) . The ability of Smad4 mutants to activate transcriptional responses, both in basal condition and after 24 h of TGFb1 treatment, was examined using the p3TP-Lux reporter construct, transiently transfected in all clones. The p3TP promoter contains three consecutive 12-O-tetradecanoyl-phorbol-13-acetate response elements, which are involved in the transcriptional responses of several genes to TGFb, and a portion of the plasminogen activator inhibitor-1 promoter region (de Groot & Kruijer 1990 , Keeton et al. 1991 , Wrana et al. 1992 .
Our data demonstrated that all clones overexpressing the Smad4 C324Y (C324Y 2M, cl6, and cl8), showed a significant (P!0.05) increase of transcriptional activity already in basal condition with respect to untransfected or Smad4 wt transfected cells. TGFb1 treatment significantly (P!0.05) enhanced this response up to 2.5-fold (Fig. 1B) . In contrast, the increase of 3TP-Lux activity, observed in Smad4 A226T, Smad4 N263S, and Smad4 P550S clones after TGFb1 treatment, was comparable to that observed in untransfected, empty vector or Smad4 wt transfected cells (Fig. 1B) . This result demonstrated that the mutation C324Y was responsible for a significant TGFβ1 (10 ng/ml): pCMV5 flag-Smad2 wt:
pEGFPC3-Smad4 wt: pEGFPC3-Smad4 C324Y:
pcDNA3-Smad4 R100T: Figure 3 (A) One milligram of total protein extracted by MDA MB468 transiently transfected with pEGFPC3-Smad4 wt or pEGFPC3-Smad4 C324Y was immunoprecipitated with anti-GFP polyclonal antibody and the proteins were resolved under reducing conditions by 8% SDS-PAGE and subjected to immunoblotting, as previously described in the specific section of Materials and Methods, using primary antibodies to P-Smad2 (1:500) and GFP (1:500). (B) Immunoprecipitation of 1 mg total protein extracted from MDA MB468 transiently transfected with pCMV5 HA-Smad4 wt and/or pEGFPC3-Smad4 C324Y with monoclonal anti-HA agarose conjugate clone HA-7. The proteins were resolved under reducing conditions by 8% SDS-PAGE and subjected to immunoblotting using primary antibodies to P-Smad2 (1:500), GFP (1:500), and HA (1:500).
Transiently transfection and equal loading were verified using primary antibodies to GFP, HA, and b-actin.
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www.endocrinology-journals.org activation of TGFb signaling in FRTL-5 cells. To understand and to well characterize the functionality of Smad4 C324Y mutation, the same experiments were performed in the breast cancer cell line MDA MB468 that lacks endogenous SMAD4 because of homozygous deletion of the SMAD4 gene , de Winter et al. 1997 . These cells were transiently cotransfected with pEGFPC3-Smad4 wt or pEGFPC3-Smad4 C324Y and pCMV5 Flag-Smad2 wt, with increasing concentration of Smad4 wt or Smad4 C234Y expression vector, respectively (ratio of Smad4 wt/Smad4 C234Y 1:1, 2:1, or 3:1; ratio of Smad4 C324Y/Smad4 wt 1:1, 2:1, or 3:1), and treated or not with 10 ng/ml TGFb1 for 24 h. Dominant negative Smad4 R100T was used as negative control (Morén et al. 2000) . Results as seen in Fig. 2 , in contrast to those observed in FRTL-5 clones (Fig. 1) , showed a significant (P!0.05) reduction in transcriptional activation of 3TP-Lux in cells overexpressing only Smad4 C324Y, with respect to those overexpressing Smad4 wt, both in basal condition and after TGFb1 treatment. In the same setting, a strong activation of 3TP-Lux was evident, already when Smad4 wt/Smad4 C324Y ratio was 1:1, and was comparable to that of Smad2/Smad4 wt transfected cells. Moreover, this effect was increasing when Smad4 wt/Smad4 C324Y ratio increased. Thus, the data reported show that the simultaneous expression of Smad4 wt and Smad4 C324Y in the cells caused a strong cooperativity between these proteins with a significant increase of TGFb signaling.
Properties of the Smad4 C324Y
To investigate the effect of Smad4 C324Y in the formation of complexes with P-Smad2, immunoprecipitation experiments with anti-GFP antibody were performed by lysates from MDA MB468 transiently transfected with pEGFPC3-Smad4 C324Y or transfected with pEGFPC3-Smad4 wt, untreated or treated with 10 ng/ml TGFb1 for 1 h. The lysates immunoprecipitated were probed with an antibody that recognized P-Smad2. The results in Fig. 3A show that in cells overexpressing Smad4 C324Y, the interaction with P-Smad2 after 1 h of treatment was stronger compared with that observed in cells overexpressing Smad4 wt. Given the observation that the coexpression of Smad4 wt/Smad4 C324Y in thyroid cells determined an increase of TGFb signaling, we tested whether the interaction between the wt and the mutant protein could be responsible for this activation. To this end, we performed a time course immunoprecipitation, comparing lysates from MDA MB468 coexpressing different epitope-tagged Smad4 proteins: pEGFPC3-Smad4 C324Y/pCMV5 HA-Smad4 wt or pCMV5 HA-Smad4 wt alone. Consistent with a previous finding that Smad4 proteins exist mainly in an oligomeric state (Hata et al. 1997 , Jayaraman & Massague 2000 , our results demonstrate that HA wt and GFP-tagged mutated proteins coimmunoprecipitated, strongly supporting the existence of a homooligomer complex both in the basal state and after TGFb1 exposure. Immunoprecipitation of HA-Smad4 wt, after TGFb1 treatment, brought down P-Smad2 also (Fig. 3B ). The interaction with P-Smad2 was already evident after 30 min of TGFb1 treatment. It is interesting to note that the presence of complexes was strongly increased and still evident after 180 min of treatment in cells coexpressing Smad4 wt and Smad4 C324Y. Similar results were obtained in FRTL-5 clones overexpressing Smad4 C324Y (Supplementary Figure 1 , see section on supplementary data given at the end of this article). 
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Cellular localization of Smad4 C324Y protein
The subcellular localization of Smad proteins represents a key event for transduction of TGFb signal from transmembrane receptors into the nucleus. To determine whether the mutation C324Y could interfere with regular nucleocytoplasmic shuttling of Smad proteins, MDA MB468 cells were transiently transfected with pEGFPC3-Smad4 wt alone or pEGFPC3-Smad4 C324Y/pEGFPC3-Smad4 wt (ratio 1:1) and treated or not with 10 ng/ml TGFb1, for indicated periods of time. Subcellular localization of Smad proteins was monitored by determining the GFP autofluorescence in cells transfected with GFP-tagged Smad4 wt or Smad4 C324Y, treated or untreated, and by indirect immunofluorescence assays using an anti-Smad2/3 monoclonal antibody. As shown in Fig. 4 , the green autofluorescence of the cells transfected with Smad4 wt alone, predominantly cytoplasmic in basal condition, overlapped with the nuclear indirect immunofluorescent red labeling of Smad2/3, mainly after 1 h of TGFb1. After 3 h of TGFb1 exposure, the localization of GFP-tagged Smad4 wt became nucleocytoplasmic and that of Smad2/3, strongly cytoplasmic. When Smad4 wt and Smad4 C324Y were cotransfected, the overlapping of fluorescence was strongly evident still after 3 h of TGFb1 exposure.
The same experiments were carried out in FRTL-5 stable clones: Smad4 C324Y 2M, coexpressing the mutated protein and endogenous Smad4 wt; Smad4 wt 6M, overexpressing only Smad4 wt; and V1M, transfected with empty vector. FRTL-5 cells were used as control; all clones were treated or not with 10 ng/ml TGFb1 for 1 or 3 h. The results shown in Fig. 5D strongly support that in Smad4 C324Y 2M, the green autofluorescence and the indirect red labeling immunofluorescent Smad2/3 overlapped in the nucleus still after 3 h of TGFb1 treatment, while in Smad4 wt 6M, the overlapping was evident in the nucleus mainly after 1 h of TGFb1, becoming nucleocytoplasmic after 3 h of TGFb1 exposure (Fig. 5C ). Fluorescence intensity for nuclear and cytoplasmic areas was measured using the open source Software ImageJ (Wayne Rasbard, NIH, USA), and the ratio of nuclear vs cytoplasmic intensity was plotted (Fig. 6) . Western blot, performed on nuclear and cytoplasmic fractions of MDA MB468 transfected with Smad4 wt alone or Smad4 C324Y/Smad4 wt (ratio 1:1; Fig. 7A ) and FRTL-5, V1M, Smad4 wt 6M, Smad4 C324Y 2M confirmed that all cells expressing Smad4 C324Y showed a persistent nuclear localization of Smad4 and Smad2/3, still evident after 3 h of TGFb1 treatment (Fig. 7B) .
Altogether, these data demonstrate that the expression of Smad4 C324Y protein in the cells was responsible for the formation of transcriptional complexes endowed with increased ability to reside in the nucleus longer than the complexes formed by the Smad4 wt alone. The extended permanence in the nucleus could be responsible for a longer activation of TGFb signaling.
Smad4 C324Y expression in the control of thyroid cell proliferation
To investigate the role of Smad4 C324Y in the control of cell proliferation, FRTL-5, stable clones overexpressing Smad4 C324Y (2M, cl6, and cl8), Smad4 wt 6M, and empty vector V1M were counted at T0, 24, 48, and 72 h. All clones overexpressing Smad4 C324Y showed a significant (P!0.001) increase of cell growth with respect to control cells (FRTL-5, V1M, and Smad4 wt 6M) both at 48 and 72 h (Fig. 8A) . Treatment with 10 ng/ml TGFb1 for 48 h determined a significant (P!0.001) reduction of inhibition of cell proliferation in all Smad4 C324Y clones, with respect to that of untransfected, Smad4 wt, and empty vector (2012) 19 39-55 www.endocrinology-journals.org transfected cells (22, 24, and 18% in C324Y 2M, cl6 , and cl8, respectively, vs 57% FRTL-5, 47% V1M, and 52% wt 6M; Fig. 8B ).
Endocrine-Related Cancer
Anchorage-independent growth of cells in soft agar is one of the hallmarks of cellular transformation and uncontrolled cell growth, with normal cells typically not capable of growth in semisolid matrices. To determine whether the increase of TGFb signaling, caused by overexpression of Smad4 C324Y in thyroid cells, correlates with an induction in the transformation properties, we compared the ability of Smad4 C324Y clones (C324Y 2M, cl6, and cl8) to grow in soft agar with that of empty vector transfected cells, Smad4 wt clones, or untransfected FRTL-5. The results showed a strong and significant (P!0.001) colony-forming ability in all C324Y clones with respect to that observed in all control cells, which were completely unable to grow in anchorage-independent conditions (Fig. 9) . Lack of responsiveness to TGFb antiproliferative effect is a hallmark for the cancer, where TGFb and its pathway function as oncosuppressors. Our data demonstrate that Smad4 C324Y mutation expressed in thyroid cells exerted a clear pro-oncogenic function.
Smad4 C324Y expression modifies cellular morphology of thyroid cells
We then analyzed the possible morphological changes due to overexpression of C324Y mutant form of Smad4. Phase-contrast photomicroscopy of FRTL-5 stably Smad4 transfected clones (wt 6M, wt 7P, C324Y 2M, C324Y cl6, and C324Y cl8) and empty vector clone (V1M) indicates that in the presence of 6H complete medium, all clones overexpressing Smad4 C324Y present a fibroblast-like appearance compared with V1M or Smad4 wt clones (wt 6M and wt 7P; Fig. 10 ). These data indicate that the changes observed in the cell phenotype were due to the Smad4 mutated gene transfected and not due to an indirect action of the transgene used.
Smad4 C324Y in the control of migratory behavior of thyroid cells
The fibroblast-like appearance observed in C324Y 2M, C324Y cl6, and C324Y cl8 clones could state the beginning of epithelial-mesenchymal transition (EMT) process. EMT is essential for organogenesis and is Figure 7 (A) MDA MB468 transiently transfected with GFP-tagged Smad4 wt alone or GFP-tagged Smad4 wt/Smad4 C324Y (ratio 1:1) and (B) FRTL-5 stably transfected clones, treated with 10 ng/ml TGFb1 for indicated time periods, were separated into cytosol and nuclear fractions before analysis by immunoblotting with the Smad2/3 (1:500) and GFP (1:500) antibodies. Western blots, performed by antibodies against the GAPDH (1:5000), cytoplasmic protein, and against CREB (1:1000), nuclear protein, indicated that the extracts are virtually free from cross contamination.
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www.endocrinology-journals.org triggered during carcinoma progression to an invasive state. TGFb cooperates with signaling pathways, such as Ras and Wnt, to induce EMT (Pardali & Moustakas 2007 , Vincent et al. 2009 ), but the molecular mechanisms are not yet clear. To determine whether Smad4 C324Y was involved in inducing EMT in thyroid cells, we performed western blot on lysates from all transfected clones using specific E-or N-cadherin antibodies. MCF7 was used as positive control of E-cadherin and negative control of N-cadherin; instead, HEK293 was used as positive control of N-cadherin and negative control of E-cadherin (Hogan et al. 2004 ). The results demonstrate that the expression of E-cadherin was dramatically lower in all clones expressing Smad4 C324Y with respect to those transfected with Smad4 wt or empty vector and untransfected FRTL-5. The detectable levels of N-cadherin, observable only in Smad4 C324Y clones (Fig. 11) , highlight cadherin switching, confirming that these cells underwent EMT.
Downregulation of E-cadherin has been also associated with reduced cell adhesion and enhanced motility (Yamaguchi et al. 2005) . Cell adhesion was evaluated in all clones by plating the cells on FN or LM substrates, leaving the cells to adhere for 1 h. The results show that all clones expressing Smad4 C324Y mutation had a capacity to adhere to the substrates, FN and LM, lower than that of controls FRTL-5, V1M, and Smad4 wt clones, whose adherence to various substrates was comparable (Fig. 12) . In particular, the adhesion of C324Y 2M, C324Y cl6 and C324Y cl8 to FN was significantly reduced by 54% (P!0.001), 37% (P!0.05) and 36% (P!0.05) respectively, compared with that of FRTL-5 and by 52% (P!0.001), 34% (P!0.05) and 34% (P!0.05) respectively, compared to Smad4 wt clones (Fig. 12A) . The capacity to adhere to LM of C324Y clones was significantly reduced compared with FRTL-5 (56%; P!0.001) and Smad4 wt clones (43%; P!0.001; Fig. 12B ).
The evaluation of the migratory ability of the clones was carried out in the presence or absence of 10 ng/ml TGFb1, using transwells and allowing the cells to migrate toward the chemoattractant LM for 8 h. Data shown in Fig. 13 demonstrate that clones expressing Smad4 C324Y had a significant (P!0.001) ability to migrate toward LM with respect to all control cells (V1M, wt 6M, wt 7P, and untrasfected FRTL-5).
The ability of Smad4 C324Y clones to migrate was also studied using the wound-healing assay. The cells were grown to confluence in monolayers and their ) were seeded in soft agar, and after 3 weeks of incubation at 37 8C, colony-forming efficiency was measured as the number of large colonies (over 0.125 mm in diameter) scored in each plate. Each cell line was tested in triplicate dishes in three independent assays. **P!0.001. Endocrine-Related Cancer (2012) 19 39-55 www.endocrinology-journals.org ability to migrate into and across a denuded area of the monolayer was evaluated after 24 h. As shown in Fig. 14, all Smad4 C324Y clones (C324Y 2M, cl6, and cl8) had a significant migratory attitude compared with FRTL-5 (P!0.05) and to Smad4 wt clones (P!0.001), which migrated quite slowly. Therefore, all these results suggest that the simultaneous presence of Smad4 wt and Smad4 C324Y could be responsible for the acquisition of an invasive phenotype of thyroid cells.
Discussion
Many clinical studies highlight the dichotomous role of the TGFb pathway in human cancers. Depending on the tumor type and the stage of tumor progression, it can exhibit strong tumor-suppressive or tumor-promoting functions. Smad4 plays a central role in the TGFb signal, representing the common mediator which forms complexes, after receptor-induced phosphorylation of R-Smads (Smad2 and Smad3), that are translocated to the nucleus, where they regulate the transcription of responsive genes (Attisano & Lee-Hoeflich 2001) .
The core components of the TGFb signaling pathway are mutated or deleted in pancreatic, colon, gastric, and thyroid tumors, shutting down all signaling , Thiagalingam et al. 1996 , D'Inzeo et al. 2010 . However, tumors such as breast cancer, skin cancer, and gliomas exhibit much lower levels of mutations in these core factors and may in fact derive a selective advantage from the TGFb pathway (Padua & Massagué 2009 ). This has been traditionally known as the TGFb switch in cancer progression. Moreover, TGFb is a potent inducer of EMT, first reported in mouse heart formation and palate fusion, in some mammary cell lines, and in mouse models of skin carcinogenesis (Thiery 2003 , Derynck & Akhurst 2007 . The acquisition of a mesenchymal phenotype gives the cells increased mobility and invasive properties. This behavior raises the possibility that the EMT process enables cancer cell dissemination (Padua & Massagué 2009 ). In immortalized rat thyroid cells overexpressing oncogenic BRAF and in a group of BRAF V600E papillary thyroid carcinomas, it has been demonstrated that a high TGFb/Smad activity correlates with local invasion and nodal metastasis (Riesco-Eizaguirre et al. 2009 ). Knauf et al. (2011) have recently shown that in mouse BRAF transformed thyroid cancer cells is, also, required a constitutive activation of the mitogen-activated protein kinase pathway that converges on Smads to modulate TGFb transcriptional output. In this study, we have shown that the point mutation C324Y, localized in the MH2 domain of Smad4 protein, stably expressed in FRTL-5 cells, is responsible for the acquisition of transformed feature, as demonstrated by the loss of inhibition of cell proliferation and by the capacity of all clones to grow in anchorage-independent conditions. The stable expression of Smad4 C324Y in thyroid cells determines a significant increase of 3TP-Lux activity, both in basal conditions and after TGFb treatment, attesting a strong increase of the signaling. Structural studies support the notion that MH2 domain and part of the linker domain of Smad4 are important for the formation of homomeric (Shi et al. 1997 , Jayaraman & Massagué 2000 , Wu et al. 2001 or heterotrimeric complexes (Smad2/Smad2/Smad4, Smad3/Smad3/ Smad4, or Smad3/Smad2/Smad4; Chacko et al. 2004) . However, the possibility that other forms of heteromeric Smads assembly can exist in vivo cannot be ruled out. The Smad4 mutation E330A, found to be frequently associated with tumors, is transcriptionally inactive because of abolished TGFb-dependent oligomerization of Smad4 with Smad3 (Prokova et al. 2007) . In contrast, here we demonstrate that a Smad4 mutant, bearing a single point mutation at position C324Y, determines an increase of oligomerization of Smad4 with R-Smads and a lengthening of nuclear localization, responsible for an increase of TGFb signaling. Thus, we think that Smad4 mutations arising from amino acid residues 273-552, based on the localization of specific residue, can positively or negatively affect the physical interactions between MH2 subunits of Smad4 and R-Smads. Data demonstrating that Smad4 proteins exist as trimeric molecules via homomeric interactions of the MH2 domain (Shi et al. 1997 , Chen et al. 2006 let us hypothesize that homo-oligomerization of Smad4 C324Y with Smad4 wt is likely to be the basis for the formation of transcriptional complexes that accumulate into the nucleus. In fact, only when Smad4 C324Y and Smad4 wt, at different concentrations, are transiently cotransfected in MDA MB468, we observe a strongly activation of TGFb signaling. Work over the past few years has emphasized the importance of Smads nucleocytoplasmic shuttling in TGFb signaling regulation. The duration of residence in the nucleus of Smad4 is an important event for the response to TGFb in the cells (Pierreux et al. 2000 , Watanabe et al. 2000 , Hill 2009 ). Many studies demonstrate that the strength and the specificity of signaling correlate with the time that Smad complexes spend in the nucleus; therefore, the activity of Smads is carefully regulated (Gurdon & Bourillot 2001 , Hill 2001 , ten Dijke & Hill 2004 , Schmierer et al. 2008 . Several mechanisms have been suggested; Smad4 nuclear accumulation is dependent on activated R-Smad binding (Liu et al. 1997 , Hoodless et al. 1999 , Watanabe et al. 2000 or its interaction with CAN/Nup214 via its MH2 domain (Xu et al. 2002) . Whereas the mechanism for the nuclear export of Smad2 remains to be elucidated, the export of Smad4 is mediated by a nuclear export sequence that is found in its linker region and that binds to exportin1/ CRM1 (Pierreux et al. 2000 , Watanabe et al. 2000 . Nuclear retention is thought to be a key mechanism mediating the accumulation of Smad complexes in the nucleus during signaling (Varelas et al. 2008) . The simultaneous expression of Smad4 wt and Smad4 C324Y in the cells determines a longer nuclear localization of Smad4 C324Y and R-Smads. Although the specific mechanism by which this mutation exerts its action needs further investigation, we think it could play a key role in the control of nucleocytoplasmic shuttling by facilitating the assembly of nuclear transcriptional complexes. The most striking effect of TGFb signaling activation in FRTL-5 clones overexpressing Smad4 C324Y has been the induction of EMT process.
A fibroblast-like appearance and a strong reduction of the level of E-cadherin, that represent the key events of this process (Miettinen et al. 1994) , are evident in all clones examined. The acquisition of a mesenchymal phenotype gives the characteristics of increased cellular motility. Motility of cancer cells seems to be a prerequisite for the metastatic tumor phenotype and chemotaxis may be involved in this process (Gassmann et al. 2004) . All Smad4 C324Y clones show a significant reduction of adhesion to substrates such as FN and LM and a strong and significant ability of the cells to migrate. Since the C324Y mutation has been isolated from a nodal metastasis of the papillary thyroid carcinomas, we think that the acquisition of this mutation could represent a late event of thyroid carcinogenesis, which allows the cell to acquire a metastatic phenotype as a response to increased TGFb signaling. Taken together with recent evidence that TGFb may contribute to the impairment of iodine transport in thyroid cells and it may be engaged during disease progression induced by oncogenic BRAF (Riesco-Eizaguirre et al. 2009 , Knauf et al. 2011 , we can conclude that TGFb signaling plays a key role in thyroid carcinogenesis and can be considered as a new prognostic and therapeutic target for thyroid cancer.
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The authors declare that there is no conflict of interest that could be perceived as prejudicing the impartiality of the research reported. Figure 14 Wound-healing assay was performed in confluent monolayers for 24 h and the extension of the area colonized by the cells was estimated using Axio Vision, Zeiss Software. *
, ## Indicate a statistical significance P!0.05 and P!0.001, respectively, with P referred to Student's t-test, of all Smad4 C324Y clones (C324Y 2M, cl6, and cl8) vs FRTL-5 or Smad4 wt.
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